The flow characteristics and loss behavior over an array of parallel recessed dimples on a high turning linear compressor cascade have been investigated using the Reynolds-averaged Navier-Stokes approach. Steady simulations have been carried out at three dimple locations of 10-32%, 38-60%, 60-82% chord length of suction surface with the inlet Mach number of 0.7. Flow conditions were compared in exit loss coefficient, static pressure rise, streamline patterns, vortex structures, boundary layer parameters, and blade surface pressure between the smooth and the modified cascades. The results indicate that the dimples prior to the separation line report an overall enhancement in the aerodynamic performance in comparison to that of a smooth blade. Symmetric spanwise vortex, which energizes the boundary layer, can roll up inside the dimples. Therefore, the boundary layer with the higher momentum can bear the adverse pressure gradient, which will suppress the flow separation and associated losses. Three dimpled configurations can all eliminate the separation bubble on the suction side, but the dimples located at 60-82% chord length take the negative effect on the aerodynamic performance due to the more chaos condition in the corner separation region. The comparison results also indicate that the optimum location of dimples may exist in front of the separation bubble. Loss reduction of 18.8% and 10.8% can be achieved under the 10-32%c and 38-60%c dimple configurations, respectively.
Introduction
Gas turbines are widely used for power generation, aircraft propulsion, and various other industrial applications. 1 The development of modern aircraft engines calls for optimized, high efficient systems with the same loading capacity, which could be achieved by using highly loaded compressor stages with high pressure ratios. 2 However, the rise of the blade loading results in the strengthening of threedimensional phenomena, e.g. corner separations, clearance flows, and other secondary flows, which highly restrict the efficiency and stability of compressor. 3 Therefore, many researches in flow control have been done to allow even higher loading of the blades. In the context of these efforts, spherical dimples as a passive control technique have received increasing attention in the past decade. Furthermore, the dimples do not require additional power from the engine or additional weight and can be easily engraved into the existing blades.
Dimples, served as vortex generators, have been utilized in many fields such as heat transfer enhancement 4, 5 and flow drag reduction. 6, 7 In general, dimples are known already from golf ball aerodynamics. 8 In this classical case, applications of dimples are understood as a special form of surface roughness, which can reduce the pressure drag by delaying the separation of the boundary layer. 9 Another famous investigation of the utilization of dimples for drag reduction was made by Bearman and Harvey. 10 They found that in comparison with sand-roughened 1 cylinders, the dimpled cylinder has a lower critical Reynolds number than a smooth cylinder.
Many investigations concerning the use of dimples to reduce flow drag have been performed from the existing literature. But the flow mechanism of the dimples is not yet fully understood and there is still no reliable information about its influence on the boundary layer development under different flow conditions. For complex flows as in turbomachinery, only a few investigations are available.
In a series of these studies, Lake et al., 11 Rouster, 12 and Casey et al. 13 used the experimental and computational methods to investigate different locations of recessed spherical dimples on the flow separation control in a Pak-B low-pressure turbine blade under various Reynolds numbers. They found that the dimples can prevent separation if positioned just forward of the natural chordwise separation location. Zhao et al.
14 investigated the effect of dimples' location on the aerodynamic performance of a linear compressor rotor blade. The results show that dimples on 30-60% of the suction side are more effective in the loss reduction at all incidence angles. Moreover, Tian et al., 15 Lan et al., 16 and River et al. 17 proved that dimples had a great deal of beneficial effect on the loss or drag reduction in turbomachinery.
Most of the previous studies mainly focused on dimples used in turbine blades. Very few studies can be found in literature to depict the flow characteristics over dimpled blade surface in compressor cascades, especially in the high-speed, highly loaded compressor cascades. The combination of adverse pressure gradient and large turning angles that are typically associated with a highly loaded compressor cascade gives rise to flow separation over a broad portion of the trailing suction surface. Thus, a better awareness of the flow mechanisms produced by dimples is very important to further parametric studies in compressors. Three cases have been considered in the present work. Based on previous research, the dimples with specific depth were arranged at different locations of the suction side. The simulation was performed at the design inlet flow angle and a constant inlet Mach number of 0.7.
Numerical setup Cascade description
As shown in Figure 1 , a typical highly loaded compressor stator blade NACA0065-K48, which can be found in a modern gas-turbine compressor, was studied in this paper. Its main geometric and aerodynamic parameters are summarized in Table 1 . 18 
Numerical simulation methods
In the simulation of this cascade, one blade passage was selected. The inlet to the domain was located at two chords upstream of blade leading edge, and the exit was located at two chords downstream of the trailing edge. Periodic boundary conditions were set on both sides of flow passage. Moreover, the cascade was spanwise symmetric and only half of the cascade blade span was modeled in the simulation. In order to obtain results with acceptable levels of accuracy and computational efficiency, hexahedral structural meshes with O-type topology were generated by using ANSYS ICEM CFD, as shown in Figure 2 (a). It is well known that the grid resolution should be high enough in the blade boundary layer, hence the y þ adjacent to the wall was less than 1.0 on the suction surface.
Profiles of the total pressure according to the experiments and the total temperature were used to specify inlet boundary, and static pressure condition (101,325 Pa) was specified at the cascade outlet. In all cases, the inlet free-stream turbulence was 5%. Adiabatic and nonslip conditions were imposed over all walls.
A steady calculation with transitional flow was performed using ANSYS CFX based on the RANS methods. A low Reynolds number turbulence model shear stress transport (SST) coupled by GammaTheta transitional model was employed. 
Dimple arrangements
In this paper, a bulk of three different locations of dimples was considered, shown in Table 2 . Figure 3 (a) presents the geometric details of the dimple, taking previous work as reference, the depth of all dimples (h) is 0.2 mm and the depthto-diameter ratio, which is defined as h/d, of all dimple configurations is 0.25. Four rows of dimples were arranged along in the streamwise direction, and 12 dimples were employed in the spanwise direction in each row. The dimples were 4 mm apart from one center to another center. As shown in Figure 3 (b), the dimpled region is provided with highly fine meshes to observe the variation of the flow in and around the dimples. Figure 4 illustrates all the dimple configurations in this paper.
Grid independence study
To validate the simulated results invariance with the grid, a grid independence study was performed with prototype and dimpled model, as shown in Table 3 . From Table 3 , it can be seen that the compression ratio of the prototype compressor model changes slightly when the mesh density rises from 665,597 to 1,730,106, while for the dimpled model, these change slightly as the mesh density rises from 2,337,498 to 2,972,257. These changes indicate that there is a little effect on the computation results when the grid numbers are 665,597 for the prototype compressor model and 2,337,498 for the dimpled model. Furthermore, after considering the accuracy of the calculation and reducing the differences for grid number between the prototype cascades and dimpled cascades, the grid numbers for the fluid domain is 1,730,106 and 2,337,498, respectively.
Computational results and discussion
Computational results are presented in this section. First, the numerical models are validated against the experimental results and then the effects of various dimple configurations on the flow loss, flow pattern, and boundary layer flow condition have been given and compared at nominal condition.
Validation of computational method
Comparison with the experimental results was done to ensure the accuracy and reliability of the computational results. The corresponding experimental results were obtained in a high-speed linear cascade wind tunnel of Dalian Maritime University. The oil flow visualization and the corresponding numerical limiting streamlines are shown in Figure 5 (a) and (b). It is obvious that a separation bubble can be captured at the 30%c of the suction surface in both simulation and experiment. The starting point of the corner separation and the radial separation range are both roughly coincident between the numerical and the experimental results. That indicates that the CFD method can simulate the flow structures in a compressor cascade well. Furthermore, the pitch-averaged total pressure loss coefficient ! at the exit of cascade is also validated.
The total pressure loss coefficient is defined as follows
where P t0 and P v0 are the total pressure and dynamic pressure of inlet flow, and P t is the local total pressure. The total pressure loss coefficient ! is a vital parameter to evaluate the compressor performance.
The pitch-averaged value of the total pressure loss coefficient is defined as
where n is the number of pressure measurement in the pitchwise direction. Contour maps of the total pressure loss coefficient are compared in Figure 5 (c) and (d). From Figure 5 (e), the quantitative comparison also shows that the CFD method captured the total pressure loss well. Based on the above analysis, it can be concluded that the numerical methods and the commercial software ANSYS CFX is reliable and can be used for the prediction of the aerodynamic performance in this study.
Effects of dimple configurations on loss coefficients and static pressure ratios
Firstly, the effects of the dimpled surface on the overall performance are discussed in this section. Three aerodynamic parameters: total pressure loss coefficient (!), static pressure rise (), and blockage coefficient (B) are compared. As shown in Figure 6 , the dimples with the location of 10-32%c and 38-60%c can improve the overall performance, especially for the dimpled cascade with the location of 10-32%c, a 18.8% loss reduction can be acquired under this configuration. Conversely, the configuration of Case 3 provides the overall negative effect on the aerodynamic performance.
The total flow blockage in the passage is an important indicator to estimate the compressor flow capacity, which is defined as
where is the local density; u m is the velocity component normal to A; A is the azimuthal cross-section; e and U e are the edge density and velocity of the defect region; A ex is the area of the test plane of the blade passage. In Figure 6 , both Case1 and Case 2 configurations can decrease the cascade blockage obviously. The analyzed results of these flow parameters indicate that an improvement of flow condition may be acquired as the dimples are arranged near the leading edge. Figure 7 illustrates the contour maps of total pressure loss at the exit of cascade, i.e. 70%c downstream the trailing edge. Total pressure loss contours are helpful in demonstrating locations and magnitudes of flow loss. The losses are associated with the blade wake (around Z/h ¼ 0.4-0.5) and the corner separation wake (below Z/h ¼ 0.2). By comparing these figures, the corner separation is sensitive to the dimpled surface. Due to the cross-pressure gradient across the pitchwise direction and the adverse pressure gradient along the streamwise direction, low energy fluid accumulates at the corner region between the hub wall and the suction surface, which leads to the high total pressure loss of prototype cascade (denoted by ORI as follows). Compared to the prototype cascade, the corner region of Case 1 and Case 2 shrinks in the spanwise scale, and the loss core in the corner region of the two cases is also smaller. On the contrary, the dimples added at the 60-82%c, i.e. Case 3, have a negative impact on the high-loss region where the corner separation exists.
Allowing for the blade wake loss near the midspan, it can be seen that the maximum and extent of wake loss of all cases are smaller than the prototype cascade, indicating that the flow condition of the main flow is improved in all cases.
To describe and compare the effects of dimpled surface on loss explicitly, the loss coefficients are weighted averaged by mass flow along the pitchwise direction, and comparison is plotted in Figure 8 . A decrease in loss can be found in the area of 0-0.3H for Case 1 and Case 2 configurations, yet in Case 3 the loss tends are becoming larger than the baseline. In addition, a remarkable decrease in loss is detected in the range of 0.4-0.5H. To analyze the development of flow loss in the compressor cascade flow passage, several traverse planes, located at 0%c, 20%c, 40%c, 60%c, 80%c, 100%c, 120%c downstream of the leading edge were chosen respectively. The planes, being vertical to the axial direction, can reveal the process of emergence, development and decline of flow loss. In Figure 9 , the flow loss contours are compared at different axial sections of baseline cascade and the cascades with dimple configurations. The dimple configurations mainly affect the high loss coefficient region, which is induced from 60%c. A noticeable phenomenon is the remarkable reduction of the hub-corner high loss region in both its strength and size when the dimples were arranged prior to the separation region. It also can be found that the dimple arrays can restrain the drifting of low energy fluid along the spanwise direction, but which is coincident with the above analysis, the dimples engraved downstream of the separation region augment the degree of corner separation.
To sum up, a loss reduction and pressure ratio rise can be acquired if the dimples of proper size are arranged at the upstream of separation bubble, which is also prior to the separation line of corner region. Additionally, the dimples arranged in the 38-60%c have improved performance over the baseline blade, but not as good as the dimples arranged in 10-32%c. Conversely, a loss recovery may occur if the dimple arrays were arranged downstream from the separation region.
Three-dimensional separations in cascades without and with dimples
To reveal the characteristics of flow field and the reason for the loss variation discussed above, surface streamlines on suction surface and end-wall of prototype and modified cascades are shown in Figure 10 . Streamlines depict the particle flow paths and are the best method for viewing flow structure. Besides that, some major singular points were also depicted. A singular point is one where the shear stress vectors are zero simultaneously. 19 They are classified mathematically according to the behavior of the surface streamlines in their vicinity. These points can be roughly classified as saddle point (S) and nodal point (N). 20 From Figure 10 (a), a separation bubble is induced at around 60% c in the prototype cascade. The reason for the emergence of separation bubble is related with the high adverse pressure gradient within highly loaded cascades. And there is a separation line SL 1 originating from a regular point and ending up with a nodal point N 1 , which belongs to the open separation. 21 For the modified cascades, the flow pattern is much simplified as the dimples are arranged upstream from the separation bubble. On the one hand, the separation bubble is eliminated and on the other hand, the corner separation region shrinks compared to the smooth blade. Besides that, the separation type on the suction side remains unchanged. Considering the flow condition near the end-wall, it can be seen that the number of singular points near the trailing edge decreases significantly, which contributes to the loss reduction of cascades. As for the case with the dimples downstream the separation line, i.e. Case 3, it also can be seen that the elimination of separation bubble. But the axial and radial range of corner region expands, which causes the augmentation of the total pressure loss as shown in Figure 6 . The dimples accelerate the reverse flow of low energy fluid in the corner region, emanating a separation spiral point N 2 on the end-wall, and the separation type tends to be transferred to closed separation.
To analyze the variation of flow losses mentioned above, the secondary flow patterns downstream 20%c from the trailing edge are also analyzed in Figure 11 . The secondary flow structure is the velocity in the section perpendicular to the main flow direction. The average flow angle in the section was defined as the direction of the main flow. The flow image in the section is horizontally symmetrical, so just the lower half of the flow field is given.
At prototype cascade outlet as shown in Figure 11 (a), several vortex structures: passage vortex (PV), concentrated shedding vortex (CSV), and corner vortex (CV) can be easily captured. As for the modified cascades, it is obvious that the intensity of PV and CSV is weakened under Case 1 and Case 2 configurations. Additionally, the CV, which mainly induced from the PV, cannot be captured in these two cascades. All of these phenomena indicate the simplification of vortex structures in the cascades.
Conversely, in Case 3 configuration, the dimples disrupt the migration of PV along the spanwise direction, while augment the mixing among the low energy fluids in the corner region, which leads to some subsidiary vortex structures besides the PV and CSV. This phenomenon also interprets the reason for the deterioration of flow field. 
Effects of dimple configurations on the vortices in cascades
Based on the above analysis, Figure 13 displays the 3D vortex structure in the cascade passage visualized by the iso-surface of Q and rendered by the axial vorticity. The Q criteria 22 are defined as
are respectively the anti-symmetric and the symmetric component of the second invariant of velocity gradient tensor ru. For the base flow, the vortex induced by corner separation plays an important role in the passage blockage. It is obvious that there are some high vorticity regions in the prototype cascade (see Figure 12 (a)) representing, horse shoe vortex (HSV), PV, CV, wall vortex (WV), and CSV, respectively.
The vorticity of the boundary layer is generated and accumulated from the solid wall because of a velocity difference and viscosity. The PV with positive vorticity approximately originates at 60%c x . And due to the pressure gradient, the vortex core gradually goes away from the pressure side and end-wall as it develops downstream. From Figure 12 (b) and (c), the dimple configurations can decrease its influence region. Simultaneously, the CSV, CV, and WV mainly induced by the PV, are also alleviated in these two cases.
Based on the analysis above, the vortex topological structures of ORI and Case 1 were drawn in Figure 13 . It is noted that the dimples on the suction surface can suppress or disturb the formation and migration of PV, which on the one hand can decrease the degree of blockage in the cascades (listed in Figure 6 ), on the other hand can weaken the strengthen of CV, CSV, and WV, all of which are derived from PV. Flow control mechanism of the dimpled surface Flow structure inside the dimples
To explain the variations under the dimple configurations, it is essential to analyze the flow structures inside the dimples. For a better understanding of the flow within a dimple, Figure 14 provides a detailed view for a dimple from Case 1. The limiting streamline patterns, 3D flow structures and the intensity of turbulent kinetic energy (TKE) in a dimple were taken into account. It is obvious that a pair of symmetrical flow recirculation zones are depicted relative to the central streamwise-normal plane of the dimple, which are consistent with observations from the study of Ligrani et al. 23 With the reverse flow inside the dimple, saddle point S 1 is produced, and that saddle point emanates two separation lines SL 1 and SL 2 with one ending at a separation spiral point N 1 and the other one finishing at another separation spiral point N 2 , which means that the closed separation has formed inside a dimple. The two separation spiral points are the initiating source of the central vortex pair (shown in Figure 14(b) ), which is periodically shed from each dimple, according to the study of Park et al. 24 The boundary layer above the dimple is rolled into it, and the flow structure inside a dimple is a tornado-like vortex similar to that in Kovalenko et al. 25 The role of these vortices in dimple is initially to reenergize the wall boundary layer flow by entraining and redistributing momentum from the primary flow to the wall layer and enhance early transition. As shown in Figure 14(c) , in the blue-colored area around the dimple, the TKE level is lower than that inside the dimple. The TKE distribution confirms a mixing process inside the dimples. Due to the enhanced mixing caused by the dimples, the flow with higher momentum in the boundary layer can withstand the adverse pressure, delaying the main separation of the corner region and eliminating the separation bubble on the suction side. Simultaneously, the dimples arranged prior to the separation location can transfer the transition mode of the boundary layer on the suction side from the separated mode to bypass mode.
Boundary layer profiles along the suction side of blades
To compare the variations of boundary layer flow conditions intuitively, the velocity profiles at 50%H are discussed in this section, and they are plotted in Figure 15 . Due to the similar mechanism among all the dimple configurations, and for the purpose of brevity, the boundary layer profiles along blade suction side are compared between ORI and Case 1 cascades. The measurement stations are depicted in Figure 16 . At midspan, the velocity profile of base flow tends to thicken due to the separation process. As for the Case 1 cascade, the boundary layer thickness becomes thinner at the arranged location, i.e. 0.1-0.4C x . The high momentum in the boundary layer is related to the mixing process with the fluids outside the boundary layer, as discussed above. Based on this reason, the boundary layer thickness is thinner in all stations discussed in this section, which indicates the improvement of flow condition.
The information concerning separation in the mean profiles can be presented in terms of the shape factor H 12 . The shape factor H 12 is the ratio of displacement to momentum thickness of boundary layers. Figure 17 shows H Pitchwise direction Figure 18 . Wake loss along the pitchwise direction at blade height of 50%.
the blade heights of 50%. For the base flow, H 12 of a small value (approximately 1-2) exists at the chordwise location near the leading edge, which means the laminar flow condition in the boundary layer. Subsequently, H 12 rises to about 3.6 when a laminar boundary layer separates at 60%c, which is in accordance with the separation bubble on suction surface.
As the boundary layer reattaches, the shape factor reaches a turbulent value of about 2.5 after recovering from the separation. Considering the dimpled cascade, the summit values of H 12 are all below the baseline value due to the elimination of separation bubble (shown in Figure 10 ), indicating that the dimples arranged in the main flow region are effective in keeping the boundary layer thinner. According to the analysis above, the wake loss along the pitchwise direction at the blade height of 50% is shown in Figure 18 . It can be found that the peak value of wake loss for modified cascades are all lower than the prototype cascade due to the improvement of flow condition in the boundary layer.
The flow parameters near the blades' surface
For a better understanding of the flow phenomena, the distributions of static pressure coefficient and axial velocity near the blade wall are presented for the smooth and structured surface. The static pressure coefficient is defined as
where P denotes the local static pressure, P in denotes the static pressure at inlet. P t,in denotes the total pressure at inlet. The static pressure coefficient C p is a key parameter to determine the compressor cascade performance. The area enclosed by the static pressure coefficient on the pressure and suction sides represents the blade loading. Figure 18 shows the surface pressure coefficient distribution as a function of chordwise location for all cases. At midspan (shown in Figure 19(a) ), the area of separation bubble present on the smooth blade is indicated by the flattening of pressure curve on the suction surface, while the dimpled blades do not display that separation. At the lower height near the end-wall (shown in Figure 19 (b)), it can be found that the turning point, which means the onset of corner separation moves to trailing edge as the dimples, were arranged ahead of the separation region. Besides that, it can be found that, both in the 47%H and 7%H, the dimple arrays do not reduce the blade loading capacity. Figure 20 illustrates the axial velocity near the suction side wall. For the axial velocity at different blade height, it is obvious that the dimple configurations can all improve the velocity in the boundary layer. Due to the elimination of separation bubble on the suction surface, the V x at 47%H for all the three cases is all above the zero line. It can be also found that there are some spikes on the line in Figure 19 . The spikes in the plot of the dimpled blades are indicative of the location of dimples and the complex dynamics present within. These axial velocity spikes are closely associated with the in-dimple flow structure and the formation of the flow separation and stagnation points.
Conclusions
This paper concerns the effect of dimples' location on the aerodynamic performance for a highly loaded linear compressor cascade. Flow control location has been selected at chord locations ahead, at, and after separation region. Three dimple configurations were investigated under the nominal point and the inlet Mach number of 0.7. The results are summarized as follows:
1. Due to the high adverse and cross-pressure gradient in highly loaded compressors, large-scale corner separation structures are observed in the cascade passage, which causes the major flow losses in the cascade flow passages. 2. Within the flow passage of the prototype cascade, there are some concentrated vortices, i.e. HSV, PV, CV, CSV, and WV. Among all the vortices, PV has the most powerful effect on the flow field. Its kernel part, which is high in vorticity, coincides with the high flow loss in the corner region. 3. The dimples locating on the suction surface upstream of the separation region can reduce the total pressure loss coefficient and increase the static pressure coefficient. While the dimples downstream of the separation region worsen the cascade flow condition. The best configuration in this paper is the dimples arranged in the 10-32%c, and a loss reduction of 18.8% can be acquired in this configuration. 4. A pair of streamwise vortex structures generated within the dimple can enhance the mixing of low energy fluid in boundary layer with high momentum fluid in the main flow region. Hence, the boundary layer can be energized, suppressing the separation of the boundary layer and eliminating the separation bubble. Besides that, the onset of the corner separation is also delayed when the dimples are set in the upstream of the separation region. 5. The dimples on the suction side under proper design could further reduce the losses in compressor cascades by changing the boundary layer flow conditions in cascades. That supplies a new idea for improving the aerodynamic performance of compressor.
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